Article history: Received 9 November 2016 Received in revised form 25 January 2017 Accepted 14 February 2017 Available online 16 February 2017 The molecular determinants of pathogenic leukocyte migration across the blood-nerve barrier (BNB) in chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) are unknown. Specific disease modifying therapies for CIDP are also lacking. Fibronectin connecting segment-1 (FNCS1), an alternatively spliced fibronectin variant expressed by microvascular endothelial cells at sites of inflammation in vitro and in situ, is a counterligand for leukocyte α 4 integrin (also known as CD49d) implicated in pathogenic leukocyte trafficking in multiple sclerosis and inflammatory bowel disease. We sought to determine the role of FNCS1 in CIDP patient leukocyte trafficking across the BNB in vitro and in severe chronic demyelinating neuritis in vivo using a representative spontaneous murine CIDP model. Peripheral blood mononuclear leukocytes from 7 untreated CIDP patients were independently infused into a cytokine-treated, flow-dependent in vitro BNB model system. Time-lapse digital video microscopy was performed to visualize and quantify leukocyte trafficking, comparing FNCS1 peptide blockade to relevant controls. Fifty 24-week old female B7-2 deficient non-obese diabetic mice with spontaneous autoimmune peripheral polyneuropathy (SAPP) were treated daily with 2 mg/kg FNCS1 peptide for 5 days via intraperitoneal injection with appropriate controls. Neurobehavioral measures of disease severity, motor nerve electrophysiology assessments and histopathological quantification of inflammation and morphometric assessment of demyelination were performed to determine in vivo efficacy. The biological relevance of FNCS1 and CD49d in CIDP was evaluated by immunohistochemical detection in affected patient sural nerve biopsies. 25 μM FNCS1 peptide maximally inhibited CIDP leukocyte trafficking at the human BNB in vitro. FNCS1 peptide treatment resulted in significant improvements in disease severity, motor electrophysiological parameters of demyelination and histological measures of inflammatory demyelination. Microvessels demonstrating FNCS1 expression and CD49d + leukocytes were seen within the endoneurium of patient nerve biopsies. Taken together, these results imply a role for FNCS1 in pathogenic leukocyte trafficking in CIDP, providing a potential target for therapeutic modulation.
Introduction
CIDP is a clinically heterogeneous immune-mediated disorder affecting peripheral nerve and nerve roots with maximum severity attained after 8 weeks following symptom onset. CIDP has an estimated annual incidence of 1-2/100,000 and prevalence as high as 9/100,000 (Dalakas and Medscape, 2011; Laughlin et al., 2009) . CIDP is often under-recognized and may account for about 14% of chronic disability in adults above the age of 65 (Chia et al., 1996) . Its clinical course may be described as relapsing-remitting, steady progressive or step-wise progressive, with albuminocytologic dissociation commonly observed on cerebrospinal fluid analysis. Different clinical variants exist based on the pattern of nerve and nerve root involvement observed on electrodiagnostic studies. Pathologically, CIDP is characterized by infiltration of predominantly monocytes/macrophages and less commonly T lymphocytes into peripheral nerve and nerve root endoneurium with macrophage-mediated demyelination. However, inflammatory infiltrates may be sparse with prominent evidence of demyelination with or without remyelination seen in nerve biopsies. Onion bulb formation, indicative of repetitive demyelination and remyelination may be observed in more chronic cases (Dalakas, 2015; Mathey et al., 2015; Ubogu, 2015) . Several diagnostic criteria exist for clinical and research purposes. Consensus statements have been published by consortia of experts to aid clinicians diagnose patients early and institute therapy (Dalakas, 2015; EFNS/PNS, 2010; Mathey et al., 2015) Current treatments for CIDP include corticosteroids, intravenous immunoglobulin (IVIg) and plasma exchange based on randomized controlled trials, and immunosuppressant drugs such as azathioprine, mycophenolate, cyclosporine and cyclophosphamide based on small case series, case reports or specialist physician experience (Brannagan, 2009) . Despite significant advances in understanding the molecular pathogenesis of immune-mediated disorders and the development of disease-specific therapies for disorders such as rheumatoid arthritis, psoriasis, inflammatory bowel disease and multiple sclerosis over the last 20 years, specific disease-modifying therapies for CIDP do not currently exist. CIDP heterogeneity and clinical recognition provide challenges; however lack of patient nerve and nerve root biopsies for extensive exploratory studies, dearth of in vitro human BNB models to study pathogenic inflammatory mechanisms and the limitations of representative animal models needed to ascertain pathogenic mechanisms and test potential drugs in vivo before clinical trials are planned have adversely hampered translational strategies needed for novel therapeutic development in CIDP (Meyer zu Horste et al., 2007; Ubogu, 2015) .
Inflammatory leukocyte migration across microvessels is a sequential, coordinated process (i.e. multi-step paradigm) involving specific selectins, chemokines and adhesion molecules on endothelial cells, and selectin counterligands, chemokine receptors, integrins and matrix metalloproteases expressed by leukocytes (Man et al., 2007; Muller, 2011; Simon and Green, 2005; Ubogu, 2015; Yonekawa and Harlan, 2005) . Direct evidence of pathogenic leukocyte trafficking at the human BNB via the paracellular route has been demonstrated in vitro and in situ Yosef and Ubogu, 2012) . Observational studies evaluating CIDP patient nerve biopsies, cerebrospinal fluid, plasma and sera have shown increased expression of specific pro-inflammatory cytokines, chemokines and chemokine receptors, adhesion molecules, matrix metalloproteinases and other inflammatory mediators (Dalakas and Medscape, 2011; Mathey et al., 2015; Ubogu, 2015) . The molecular determinants and signaling mechanisms of pathogenic leukocyte trafficking at the BNB in CIDP patients are unknown. Targeting pathogenic leukocyte trafficking at the BNB is a plausible approach to limit inflammatory demyelination and improve patient outcomes, as seen with natalizumab (humanized mouse anti-human α 4 integrin monoclonal antibody) in relapsing-remitting multiple sclerosis (Pucci et al., 2011) . Interestingly, there is some conflicting evidence on the efficacy of natalizumab in medically refractory CIDP based on a single case report showing no benefit and a small three-patient case series showing clinical effect (Vallat et al., 2015; Wolf et al., 2010) .
Fibronectin, a major extracellular matrix macromolecule, consists of an alternatively spliced type III connecting segment that generates a high affinity binding domain for leukocyte α 4 integrin. This binding domain, called fibronectin connecting segment-1 (FNCS1) has a conserved peptide sequence, leucine-aspartate-valine (LDV), critical for integrin binding (Humphries et al., 1987; Mould et al., 1994) . FNCS1 may be involved in the pathogenesis of chronic inflammatory conditions such as rheumatoid arthritis, allergic contact dermatitis and multiple sclerosis (Elices et al., 1994; Man et al., 2009; Martín et al., 2003; Müller-Ladner et al., 1997; Ubogu et al., 2006) . FNCS1 expression has been demonstrated on human endoneurial endothelial cells that form the BNB in vitro, with increased relative expression of splice variants that contain the LDV sequence and time-dependent protein expression observed following physiological cytokine stimulus Yosef et al., 2010) . Vascular cell adhesion molecule-1 (VCAM-1) is also a counterligand for α 4 integrin implicated in lymphocyte migration during infection and inflammation, as well as lymphocyte bone marrow retention and homing into lymph nodes via high endothelial venules during normal immune processes (Boscacci et al., 2010; Faveeuw et al., 2000; Koni et al., 2001; Papayannopoulou and Craddock, 1997; Xu et al., 2003) . Competitive antagonism of FNCS1-α 4 integrin binding with small molecular antagonists that target the LDV peptide sequence could result in a specific disease modifying therapy for CIDP without interfering with α 4 integrin-VCAM-1 binding implicated in normal immunity (Haworth et al., 1999; Jackson, 2002; Liu et al., 2015; Man et al., 2009; Ubogu et al., 2006) .
Methods

CIDP patient leukocytes and sural nerve biopsies
Peripheral blood mononuclear leukocytes (PBMLs) were obtained from whole heparinized blood donated by seven untreated adult patients with clinical, electrophysiological and supportive cerebrospinal fluid or histopathological evidence of CIDP based on the Inflammatory Neuropathy Cause and Treatment criteria. PBMLs were isolated using density gradient centrifugation and cryopreserved in liquid nitrogen using a controlled rate freezing process. This was performed due to donor unpredictability and to ensure experiments were performed concurrently to limit experimental variation. Leukocyte viability was N 99% following reconstitution in warmed medium at 37°C using the 0.4% trypan blue exclusion test. Duration of storage had no significant effect on PBML viability or composition provided experiments were performed within 6 months of preservation, as previously published . Archived frozen sural nerve biopsies from four untreated adult CIDP patients and two normal controls stored in optimum cutting temperature compound at − 80°C were obtained from the Shin J. Oh Muscle and Nerve Histopathology Laboratory, Department of Neurology, University of Alabama at Birmingham. The study was approved by the Institutional Review Board, with an exemption obtained to use archived pathological specimens for research. Written informed consent was obtained from each CIDP patient blood donor.
Flow-dependent human in vitro blood-nerve barrier trafficking assay
Untreated CIDP patient PBML trafficking across the human BNB in vitro was studied in real time using a flow-dependent leukocyte trafficking assay. A parallel plate flow chamber was attached to basal and cytokine-treated confluent primary human endoneurial endothelial cells (that form the BNB) cultured on rat tail collagen-coated CellBIND® Petri dishes, coupled to time-lapse video microscopy as previously described (Greathouse et al., 2016; Ubogu, 2013; Yosef and Ubogu, 2012) . CIDP patient PBMLs were incubated with FNCS1 peptide EILDVPST (GenScript, Piscataway, NJ; 0-100 μM), a scrambled control peptide DELPQLVTL (designated as FNCS1C, GenScript, 25 μM: negative control), human IVIg (Carimune® nanofiltered, CSL Behring AG, Bern, Switzerland, 5 mg/mL; current CIDP treatment: positive control) and 6-alpha methylprednisolone (6αMP; Sigma-Aldrich, St. Louis, MO; 200 μg/mL: current CIDP treatment: positive control) for 10 min at 37°C before performing the leukocyte-BNB trafficking assay with the drug in solution. Each experiment lasted 30 min. FNCS1 peptide was compared to current CIDP treatments, 6αMP and human IVIg, to determine equivalence or superiority in modulating leukocyte trafficking at the BNB in vitro. FNCS1 peptide is being evaluated as a competitive antagonist occupying the critical α 4 integrin binding site on PBMLs. This is hypothesized to prevent leukocyte adhesion to endothelial cellexpressed FNCS1 during the trafficking cascade (Man et al., 2009 ). Leukocytes from healthy controls or patients with other neurological disorders were not used in this study as the aim was to determine comparative drug efficacy in CIDP patients, with each patient serving as his/her own control.
Videos were generated by merging digital photomicrographs generated by an Axiocam MRc 5 digital camera (Carl Zeiss Microscopy, Jena, Germany) using the National Institutes of Health Image J software (field of view 870 μm long × 650 μm wide) or directly using an Eclipse Ci-S Upright epifluorescent microscope with a D5-Qi2 camera (Nikon Instruments Inc., Melville, NY) coupled to the Nikon NIS-Elements AR software program (field of view 1420 μm long × 950 μm wide).
Automated quantification of firmly adherent and migrated PBMLs was performed following software module validation and concurrence with manual counts. The total number of adherent and migrated PBMLs was counted in three non-adjacent fields and averaged per experiment to account for observed regional variations in leukocyte trafficking. The adhesion/migration index (AMI) was calculated by dividing the mean numbers of adherent/migrated PBMLs for each patient and experimental condition following trafficking after physiological BNB cytokine treatment by numbers obtained from the same patient using the untreated (basal) BNB. The effect of FNCS1 peptide inhibition on CIDP patient PBML trafficking at the BNB in vitro was ascertained by comparing the mean AMI to untreated, FNCS1C peptide, IVIg and 6αMP-treated conditions.
Spontaneous autoimmune peripheral polyneuropathy (SAPP)
SAPP is a chronic demyelinating neuritis that occurs in female B7-2 (CD86)-deficient non-obese diabetic mice (NOD.129S4-Cd86tm1Shr/ JbsJ; initially purchased from the Jackson Laboratory [Bar Harbor, ME]), with features that recapitulate a severe form of progressive CIDP with subsequent secondary axonal loss. Disease onset is at 20 weeks of age with 100% of females reaching maximum severity by 32 weeks old (Salomon et al., 2001; Ubogu et al., 2012) . A continuous colony of these mice has been maintained for over 7 years in the specific pathogen-free Transgenic Mouse Facility (a barrier level 3 facility) at Baylor College of Medicine, Houston, Texas with transfer to an equivalent pathogen-free animal facility room located in the Research Services Building, University of Alabama at Birmingham, Birmingham, Alabama. Mice were kept in micro-isolator cages with chow and water provided ad libitum, maintaining a 12 h light-dark cycle with standard environmental enrichment without restrictions to free movement.
To determine the effect of FNCS1 peptide inhibition on chronic demyelinating neuritis in vivo, 4 independent experiments were performed using a total of fifty 24-week old female, non-pregnant, SAPPaffected mice with discernible involvement for 4 weeks, as ascertained using a published 6-point semi-quantitative Neuromuscular Severity Scale (NMSS) score (Xia et al., 2010a; Yuan et al., 2014) . The score is as follows: 0: no weakness, 1: tail weakness, 2: mild-to-moderate hind or forelimb weakness, 3: severe hind or forelimb weakness, 4: mild-to-moderate hind and forelimb weakness, 5: severe hind and forelimb weakness. Intermediate scores were given when variable degrees of weakness were observed between limbs. Mice from different cages were evaluated to determine degree of severity and grouped as new littermates with equivalent mean NMSS scores between experimental groups prior to drug administration. Mice with NMSS scores N4 at the onset were not included in this study in order to exclude mice with significant, potentially irreversible early axonal degeneration. SAPP mice were treated daily for 5 days via intraperitoneal injection with FNCS1 peptide (2 mg/kg, 12 mice), FNCS1C peptide (2 mg/kg, 12 mice), 400 mg/kg human IVIg or 50 mg/kg 6αMP (13 mice each). Each experimental mouse was weighed and evaluated for neurobehavioral signs of weakness using the NMSS 3 times a week for 30 days after treatment initiation. FNCS1 peptide was compared to current CIDP treatments, 6αMP and human IVIg to determine efficacy equivalence or superiority in vivo, as may be expected in a clinical trial. In another series of experiments, the efficacy of FNCS1 peptide inhibition (2 mg/kg; 3 mice) in SAPP was compared to α 4 integrin (CD49d, rat anti-mouse IgG1, 5 mg/kg: 4 mice) and VCAM-1 (rat anti-mouse IgG2b, 10 mg/kg: 4 mice) antibody inhibition, with blockade using FNCS1C peptide (2 mg/kg: 3 mice) and mouse IgG2b isotype antibody (10 mg/kg: 3 mice) serving as negative controls. Research studies received approval from the Institutional Animal Care and Use Committees, and were conducted in accordance with the National Institutes of Health Guide on Humane Care and Use of Laboratory Animals.
Peripheral nerve electrophysiology and sciatic nerve procurement
Bilateral dorsal caudal tail nerve (DCTN) and sciatic nerve motor electrophysiology studies were performed on all experimental mice in the prone position under ketamine-xylazine anesthesia on day 30 post-treatment initiation as previously described Xia et al., 2010a Xia et al., , 2010b . Distal and proximal compound motor action potential (CMAP) amplitudes (in mV), conduction velocity (in m/s) and distal and proximal CMAP total waveform durations (in ms) were measured or deduced for each nerve studied. Following motor nerve electrophysiology, both sciatic nerves were procured from each experimental mouse following euthanasia under general anesthesia and immediately stored at − 80°C for future cryostat sectioning or further processed for plastic embedding, as previously published Xia et al., 2010a; Yuan et al., 2014) .
Indirect immunohistochemistry of peripheral nerves
Indirect fluorescent immunohistochemistry was performed on consecutive 20 μm thick axial and longitudinal cryostat sections of four adult CIDP and two control human sural nerve biopsies to detect and compare endoneurial microvessel FNCS1 and leukocyte CD49d expression. Sections were fixed in 4% paraformaldehyde in 1× phosphate buffered saline (PBS) for 20 min, washed with 0.1% bovine serum albumin and air-dried prior to blocking with 3% bovine serum albumin. All primary and secondary antibodies were diluted in 3% bovine serum albumin in 1 × PBS. Sections were incubated with 2 μg/mL mouse antihuman FNCS1 IgM antibody (clone 2Q607, Santa Cruz) at 4°C overnight, washed and co-incubated with goat anti-mouse IgM-Alexa Fluor® 594 (5 μg/mL, Thermo Fisher Scientific, Waltham, MA) and 25 μg/mL FITC-conjugated Ulex europaeus Agglutinin I (UEA-1) Lectin [Sigma-Aldrich; most sensitive detector of human endothelial cells] (Yosef et al., 2010) for an hour at room temperature in the dark. To detect CD49d+ endoneurial leukocytes, sections were fixed in acetone at −20°C, washed and blocked with 10% normal goat serum as previously described . Sections were co-incubated with mouse anti-human CD45 IgG2a antibody (2 μg/mL, Bio-Rad, Hercules, CA) and mouse anti-human CD49d IgG1 antibody (10 μg/mL, Bio-Rad) in 2% normal goat serum in 1 × PBS for an hour at room temperature, washed and incubated with goat anti-mouse IgG2a-Alexa Flour® 488 and goat anti-mouse IgG1-Alexa Flour® 594 antibodies (both 5 μg/mL, Thermo Fisher Scientific) in the dark for an hour at room temperature.
Indirect immunohistochemistry was also performed on serial 10 μm thick axial cryostat sections of six representative mouse sciatic nerves per experimental group to detect CD45 as required to quantify total endoneurial leukocyte infiltration, as well as qualitatively compare demyelination and axonal loss between experimental groups, using published protocols Xia et al., 2010a; Yuan et al., 2014) . Serial sections of the distal sciatic nerve were obtained at 30-50 μm intervals. Sections were fixed in acetone at − 20°C, washed and air-dried prior to blocking with 10% normal goat serum in 1× PBS. All primary and secondary antibodies were diluted in 2% normal goat serum in 1 × PBS. The following primary antibodies were used: Rat anti-mouse CD45 IgG2b antibody (Pan-leukocyte marker, Clone: YW62.3, Bio-Rad: 10 μg/mL) polyclonal rabbit anti-mouse S100β IgG (Schwann cell marker; DAKO North America Inc. Carpinteria, CA: 20 μg/mL), polyclonal rabbit anti-mouse neurofilament-H IgG (NF-H; axonal marker, Santa Cruz Biotechnology, Santa Cruz, CA: 4 μg/mL). The following secondary antibodies were used: goat anti-rat IgG (H + L)-TXRD (SouthernBiotech, Birmingham, AL: 2 μg/mL), and goat anti-mouse IgG (H + L) Alexa Fluor® 488 and 594 conjugates (Life technologies, Carlsbad, CA: 5 μg/mL).
All sections (human and mouse nerves) were stained with 0.45 μM 4′, 6-diamidino-2-phenylindole (DAPI) for 5 min to detect nuclei and mounted with ProLong® Gold antifade mounting medium (Life technologies). Photomicrographs were taken using an Eclipse Ci-S Upright epifluorescent microscope with a D5-Qi2 camera (Nikon). Automated quantification of mouse CD45+ leukocytes per section was performed on merged photomicrographs using the NIS-Elements AR software program (Nikon). A total of 110 sections were quantified (FNCS1 26, FNCS1C 28, IVIg 27 and 6αMP 29). Data were expressed as number of leukocytes/section to eliminate errors in cross-sectional area that may occur with tissue processing ex vivo and variable increases in endoneurial area that may occur with edema associated with inflammation, and compared between experimental groups.
Sciatic nerve morphometric analysis
The degree of demyelination (% total demyelinated area per section) in SAPP-affected sciatic nerves was ascertained using glutaraldehydefixed, osmium tetroxide post-fixed, epoxy resin embedded, semi-thin sections stained with 1% toluidine blue, as previously published Ubogu et al., 2012; Xia et al., 2010a; Yuan et al., 2014) . A total of 52 sections of the distal sciatic nerve separated by 40-100 μm were analyzed (FNCS1 12, FNCS1C 12, IVIg 12, 6αMP 16). Representative color photomicrographs were subsequently obtained using an Axioskop epifluorescent microscope equipped with an Axiocam MRc 5 digital camera (Carl Zeiss Microscopy, Jena, Germany).
Statistical analyses
Investigator-blinded data analyses were performed for all parameters evaluated using the GraphPad Prism® 6 statistical program (GraphPad Software, Inc., La Jolla, CA). Mann-Whitney U-test or the Wilcoxon-Kruskall's Rank Sum Test was used to determine statistically significant differences between non-parametric variables while oneor two-tailed unpaired Student's/Welch's t-test was used for parametric variables based on the Shapiro-Wilk test of normality (including measures of skew and kurtosis). Holm-Sidak's test was used for multiple parametric variable comparisons. Means are displayed, with variations of the mean depicted as standard errors. Statistical significance is defined as a p-value b 0.05.
Results
FNCS1 peptide inhibits CIDP patient PBML trafficking at the BNB in vitro
The characteristics of the untreated CIDP patients that participated in this study are shown in Table 1 . Although patient E.P. reported a symptom onset of 9 days, the electrodiagnostic study clearly showed evidence of chronic reinnervation changes on needle electromyography consistent with CIDP. FNCS1 peptide induced a dose-dependent reduction in PBML AMI in the first three CIDP patients studied, with a minimum concentration of 25 μM maximally inhibiting PBML trafficking down to approximate basal levels (data not shown). This concentration was used in subsequent experiments. Physiological endothelial cytokine treatment induced a mean 2.13-fold increase in CIDP PBML AMI (range 1.23-2.84; Fig. 1 ), implying an important role of local inflammatory cascades (e.g. upregulation in cytokines, chemokines, selectins and cell adhesion molecules) (Dalakas and Medscape, 2011; Lindenlaub and Sommer, 2003; Mathey et al., 1999; Press et al., 2003; Ubogu, 2015) in driving pathogenic CIDP patient PBML trafficking at the BNB in vitro, as demonstrated with Guillain-Barré syndrome patients .
25 μM FNCS1 peptide maximally inhibited CIDP PBML trafficking in vitro in this cohort, with a mean AMI of 0.77 (range 0.41-1.39), compared to FNCS1C peptide (AMI 2.09, range 0.81-3.67). Neither human IVIg (mean AMI 2.18, range 1.00-4.55) nor 6αMP (mean AMI 2.27, range 0.45-5.00) at estimated human serum concentrations when administered at 400 mg/kg and 50 mg/kg respectively, significantly altered CIDP PBML trafficking in this model system (Fig. 1) . These data support an important role of FNCS1 in untreated CIDP patient leukocyte trafficking at the human BNB at the adhesion and transmigration phase under conditions mimicking estimated in vivo microvascular hemodynamics in peripheral nerves. Representative videos depicting a single Table 1 Untreated CIDP patient characteristics. Basic demographic, clinical, electrodiagnostic and supportive laboratory diagnostic information is provided on the cohort of untreated patients providing PBMLs for the flow-dependent human blood-nerve barrier assay to determine the effect of FNCS1 antagonism on pathogenic leukocyte trafficking in vitro. All patients were evaluated by a board-certified neuromuscular and electrodiagnostic medicine specialist and met the Inflammatory Neuropathy Cause and Treatment diagnostic criteria for CIDP. 
FNCS1 peptide reduces murine SAPP disease severity
Prior to drug administration, there was no significant difference in mean NMSS scores between experimental groups (mean NMSS score 2.8, range 1-4), as shown in Fig. 2 . FNCS1 peptide antagonism resulted in significant improvement in mean NMSS compared to FNCS1C peptide from day 8 that persisted for the duration of the experiment, with mean NMSS score of 1.4 (range 0-4) vs. 3.6 (range 3-5) on day 15 and 2.0 (range 0-4) vs. 4.2 (range 3.5-5) on day 30. FNCS1 peptide treatment also resulted in significantly reduced mean NMSS in comparison to both human IVIg and 6αMP treatment from day 11, with mean NMSS of 3.7 (range 2.5-5) on day 15 and 4.3 (range 4-5) on day 30 for human IVIg and mean NMSS of 3.7 (range 2-5) on day 15 and 4.3 (range 4-5) on day 30 for 6αMP (Fig. 2) . There was no significant difference in daily weights between the experimental groups (data not shown). Mice were not studied beyond 30 days, so the maximum FNCS1 peptide efficacy duration was undetermined. These data demonstrate the potent efficacy of FNCS1 peptide inhibition at a low micromolar concentration during the most rapidly progressive SAPP disease effector phase. Neither human IVIg nor 6αMP significantly modulated SAPP disease severity compared to the negative control, FNCS1C peptide in this mouse cohort based on NMSS scores.
FNCS1 peptide improves motor electrophysiological measures of demyelination in murine SAPP
CMAP amplitude is a measure of axonal integrity, conduction velocity measures myelination status of the fastest firing axons and total waveform duration measures the degree of synchrony in myelinated axon conduction (Xia et al., 2010b) . The latter two are commonly considered measures of demyelination, although distal conduction block may cause CMAP amplitude reduction. FNCS1 peptide antagonism resulted in a significant increase in mean conduction velocity and decrease in total distal waveform duration for the DCTN (Fig. 3a-b ) and sciatic nerves (Fig. 3d-e) compared to FNCS1C, with no significant difference in CMAP amplitudes ( Fig. 3c and f) . These data support FNCS1 peptide efficacy in treating early pathogenic demyelination in SAPP. Compared to human IVIg and 6αMP, FNCS1 peptide treatment demonstrated a significant increase in DCTN and sciatic nerve mean conduction velocities ( Fig. 3a and d ) without a significant difference in total waveform durations ( Fig. 3b and e) or CMAP amplitudes ( Fig. 3c and  f) , implying relative protection of the fastest-firing, large myelinated motor axons in this model.
FNCS1 peptide improves histopathological features of demyelination in murine SAPP
Qualitative analyses imply more retained myelination (inferred based more preserved honeycomb and less disorganized endoneurial S100β expression expected due to Schwann cell expression on myelinated axons) with relatively intact axonal density in the sciatic nerves following FNCS1 peptide antagonism compared to FNCS1C peptide-, human IVIg-and 6αMP -treated mice (Fig. 4) . As stated in the methods, serial sections were initially stained to detect leukocytes (CD45+) prior to S100β and NF-H staining. The changes seen in S100β expression and axonal density within the endoneurium were more uniform in FNCS1 and FNCS1C peptide-treated SAPP mice (Fig. 4a-d) , while variability in demyelination and axonal loss associated with mononuclear cell infiltration were observed in human IVIg- (Fig. 4e-h ) and 6αMP -treated ( Fig. 4i-l) mice. These data suggest potential efficacy of FNCS1 peptide against inflammatory demyelination in SAPP. Persistent diffuse or multifocal disease is seen in FNCS1C peptide and IVIg/6αMP -treated mice respectively.
Quantitative morphometric evaluation of demyelination performed on semi-thin plastic-embedded sciatic nerve sections demonstrated significant reductions in mean % demyelinated area per section following FNCS1 peptide treatment compared to FNCS1C peptide-, human IVIgand 6αMP-treated mice (2.7% vs. 21.3%, 7.2% and 7.9% respectively) (Fig. 5a ). The more diffuse or multifocal demyelination seen with FNCS1C peptide and human IVIg/6αMP-treated SAPP mice as suggested by immunohistochemistry was also observed. Representative photomicrographs demonstrating normal myelinated axons in FNCS1 peptidetreated mice (Fig. 5b) and foci of infiltrated mononuclear cells associated with demyelination in FNCS1C peptide-, human IVIg-and 6αMP-treated SAPP mice respectively (Fig. 5c-e) are shown. 
FNCS1 peptide reduces mononuclear leukocyte infiltration in murine SAPP
FNCS1 peptide antagonism significantly reduced the mean number of CD45 + leukocytes per sciatic nerve section in SAPP-affected mice compared to FNCS1C peptide-, human IVIg-and 6αMP-treated mice (Fig. 6a) . FNCS1 peptide blockade resulted in mean reductions in total leukocyte infiltration into the sciatic nerves in SAPP of 88%, 76% and 83% relative to FNCS1C peptide-, human IVIg-and 6αMP-treated mice respectively. This implies potent efficacy against mononuclear leukocyte infiltration in SAPP, attesting to a crucial anti-inflammatory effect in chronic demyelinating neuritis in vivo. Representative photomicrographs depicting differences in sciatic nerve inflammation between FNCS1 peptide antagonism and FNCS1C peptide-, human IVIg-and 6αMP-treated mice are shown in Fig. 6b -g. The variability in leukocyte infiltration seen in human IVIg-and 6αMP-treated SAPP mice is consistent with the multifocal progressive demyelination pattern described previously. The similarity in clinical course despite the observed differences in % area demyelinated and leukocyte counts between FNCS1C peptide-and human IVIg-and 6αMP-treated mice suggests a minimum threshold above which inflammatory demyelination would occur similarly in SAPP, as seen in a severe murine Guillain-Barré syndrome model Yuan et al., 2014) . Due to the multifocal disease observed, it is also possible that more proximal sciatic nerve segments had more demyelination, leukocyte infiltration or both than the distal segments evaluated. 3.6. FNCS1 peptide antagonism is as efficacious as α 4 -integrin and VCAM-1 blockade in murine SAPP FNCS1 peptide blockade resulted in an equivalent reduction in NMSS when compared to monoclonal antibody blockade of α 4 integrin (CD49d) and VCAM-1 in SAPP. There was a decline in mean NMSS to 1.6 seen by day 15 for both FNCS1 peptide and VCAM-1 antibody inhibition (range 0-3) that did not significantly worsen for the duration of the experiment. Direct α 4 integrin blockade resulted in a reduction in mean NMSS to 1.6 (range 0-2.5) by day 10, implying more rapid therapeutic efficacy in SAPP, with no further decline observed for the duration of the experiment. These values are in contrast to a mean NMSS of 3.5 (range 3-5) with FNCS1C peptide and 3.7 (range 3.5-5) with mouse isotype IgG2b antibody treatment on day 15 that gradually increased during the experiment. No significant differences were observed in the motor electrophysiological or histopathological parameters of chronic inflammatory demyelination between FNCS1 peptide, α 4 integrin and VCAM-1 antibody blockade in this model on day 30 based on this small experimental cohort (data not shown), implying equivalent therapeutic potency in modulating chronic demyelinating neuritis in vivo.
FNCS1 peptide modulates pathogenic leukocyte trafficking in vitro and in vivo
The CIDP patient PBML-human BNB in vitro trafficking assay, coupled with the in vivo neurobehavioral, electrophysiological and histopathological data in SAPP support a functional role of FNCS1 in chronic pathogenic leukocyte trafficking at the BNB into peripheral nerves that is amenable to therapeutic blockade. Intravital microscopy techniques to visualize leukocyte trafficking across the BNB in mice peripheral nerves have not been developed (Greathouse et al., 2016) , so timepoint assessment of hematogenously-derived leukocyte infiltration into peripheral nerve endoneurium provides an acceptable surrogate measure of trafficking across the mouse BNB in vivo. FNCS1 peptide significantly reduced CIDP PBML firm adhesion and subsequent transmigration to slightly below basal levels, consistent with blockade of activated leukocyte α 4 integrin binding to surface expressed endoneurial endothelial cell FNCS1 in vitro, as hypothesized during the multistep paradigm (see Supplementary Videos). FNCS1 peptide efficacy was similar to direct α 4 integrin and VCAM-1 antibody blockade in vivo, implying that α 4 integrin-FNCS1 interactions are potentially relevant to pathogenic leukocyte trafficking in CIDP. However, it is unknown whether endoneurial microvessels express FNCS1 in normal and pathologic human nerves in situ.
Endoneurial microvessel FN CS1 and leukocyte CD49d expression in CIDP patient sural nerves
The characteristics of the CIDP patients whose biopsies were examined in this study are shown in Table 2 . FNCS1 was expressed on endoneurial microvessels within focal regions of inflammation in untreated CIDP patient sural nerve biopsy sections (Fig. 7a-d) . Expression was not detected in normal nerve biopsy sections (not shown). Clusters of CD49d+ endoneurial leukocytes were also observed in the untreated CIDP patient nerves (Fig. 7e-j) with trafficking and perivascular CD49d + leukocytes seen occasionally (Fig. 7k-l respectively) . Endoneurial CD49d + leukocytes were rarely seen in normal patient nerves (Fig. 7m) . These observations, coupled with the in vitro leukocyte-BNB trafficking assay and the in vivo murine SAPP studies, suggest potential relevance of CD49d-FNCS1 in CIDP pathogenesis during leukocyte trafficking at the BNB, with FNCS1 peptide serving as a plausible disease-modifying small molecular antagonist for this disorder.
Discussion
In this study, we provide evidence supporting a role for FNCS1-α 4 integrin (CD49d) in CIDP patient mononuclear leukocyte trafficking, with proof-of-principle data attesting to the therapeutic efficacy of FNCS1 peptide blockade in this disorder based on representative in vitro and in vivo experimental models. Although CD49 + leukocytes had been previously reported in a CIDP patient nerve biopsy (Wolf et al., 2010) , we demonstrated endoneurial microvessel FNCS1 expression in areas associated with inflammation in CIDP, in addition to CD49d+ leukocytes in clusters within the endoneurium, including perivascular locations and cells undergoing transmigration in situ. We propose that FNCS1 peptide prevents demyelination by inhibiting pro-inflammatory leukocyte trafficking across the blood-nerve barrier via competitive antagonism of CD49-mediated leukocyte adhesion to FNCS1 expressed by chronically inflamed endoneurial microvessels in CIDP.
Pathogenic leukocyte trafficking into peripheral nerves in CIDP has been implied based on several observational studies; however the precise mechanisms are unknown. Pro-inflammatory cytokine expression (TNF-α, IFN-γ, interleukin-1, interleukin-2 and interleukin-6) in active CIDP patient sural nerves localizing to the innermost layer of the perineurium, epineurial and endoneurial blood vessels, infiltrating inflammatory cells and possibly Schwann cells has been described relative to control patient nerves (providing rationale for physiological cytokine stimulation of the in vitro BNB leukocyte trafficking model) (Lindenlaub and Sommer, 2003; Mathey et al., 1999; Van Rhijn et al., 2000) . Endoneurial monocytes/macrophages (the most common leukocyte subset), CD4+ and CD8+ T-lymphocytes are seen at higher numbers in CIDP nerves compared to controls (Krendel et al., 1989; Schmidt et al., 1996; Ubogu, 2015) . Interestingly, expression of E-selectin (upregulated on inflamed microvessels and implicated in leukocyte rolling) was observed on epineurial but not endoneurial vessels in a subset of CIDP sural nerves with cells positive for Sialyl Lewis x (a counterligand) adherent to their lumens (Oka et al., 1994) . Increased expression of chemokine CXCL10 (implicated in the migration of CD3+ CD4+ CXCR3+ T-helper 1 lymphocytes) has been observed in CIDP nerve biopsies, as well as CCR1 and CCR5 expression on endoneurial macrophages, with CCR2, CCR4 and CXCR3 expression on infiltrating T lymphocytes (Kieseier et al., 2002) . This implies that chemoattraction of specific leukocyte subsets (a prerequisite for integrin activation, firm adhesion and subsequent transmigration) is pathogenically relevant to CIDP. Increased levels of cerebrospinal fluid CCL2, CCL7, CCL27, CXCL9, CXCL10, CXCL12, ICAM-1 and VCAM-1 have been described in CIDP compared to controls, further suggesting potential pathogenic relevance of chemokines and cell adhesion molecules in CIDP (Mei et al., 2005; Nagai et al., 2000; Sainaghi et al., 2010; Sainaghi et al., 2008) . Although the direct relationship between leukocytes in nerve root endoneurium and cerebrospinal fluid is unknown, markedly elevated IFN-γ + interleukin-4− CD4+ T cell percentages in CSF were observed in CIDP patients with a significant increase of intracellular IFN-γ/interleukin-4 ratio in the absence of pleocytosis. That study provided suggestive evidence of T helper 1 shift over T helper 2 phenotype (Mei et al., 2005) ; further emphasizing the migration of specific hematogenously derived pathogenic T-lymphocytes in CIDP.
CIDP patient leukocyte trafficking at the BNB is hypothesized to be an active coordinated process, supported by the in vitro video microscopy under flow conditions observed in this study. This is consistent with the widely accepted multi-step paradigm of leukocyte migration (Man et al., 2007; Muller, 2011; Simon and Green, 2005; Ubogu, 2015; Yonekawa and Harlan, 2005) . We provide evidence that the FNCS1-α 4 integrin signaling pathway has pathologic relevance to CIDP and is amenable to therapeutic blockade using a peptide antagonist based on human in situ and in vitro data that are supported by in vivo data using a severe progressive murine CIDP model. The discrepancy seen in therapeutic efficacy of natalizumab in reported cases of medically refractory CIDP may be due clinical heterogeneity, stage of disease (i.e. relapsing-remitting vs. progressive), to differences in dose needed to inhibit pathogenic leukocyte trafficking at the BNB in CIDP compared to the blood-brain and blood-spinal cord barriers with multiple sclerosis and the possibility that natalizumab may inhibit the migration of both pathogenic and regulatory/immunosuppressive leukocyte subpopulations into peripheral nerves/nerve roots and lymphoid organs respectively or facilitate the release of pathogenic lymphoblasts from the bone marrow.
It is also plausible that other integrins and cell adhesion molecules may participate in chronic leukocyte trafficking across the BNB in CIDP. Next generation whole transcriptome sequencing performed using PBMLs from an untreated CIDP patient showed expression of α 1 , α 2 , α 3 , α 4 , α 5 , α 6 , α 7 , α 10 , α D , α E , α L , α M and α X , as well as β 1 , β 2 , β 3 , β 5 and β 7 integrins (unpublished observations). Further studies are planned to determine whether other leukocyte integrins are activated by specific chemokines and participate in leukocyte subpopulation trafficking at the BNB during normal immune surveillance or in pathological conditions such as CIDP. Although monocytes are the most prevalent PBML subpopulation that adheres to and migrates across the human BNB in vitro and within the endoneurium in vivo in the SAPP model Yosef and Ubogu, 2012) , further studies are planned to determine whether alterations in relative leukocyte subpopulation numbers or phenotypic characteristics occur with specific leukocyte trafficking inhibitors. Extravasating and perivascular CD49d+ CD45+ leukocytes are also seen (k and l). CD49d+ CD45+ leukocytes were rarely seen within the endoneurium of normal control sural nerve biopsies (m: white arrow). EMV = endoneurial microvessel. Scale bars = 50 μm (a-d), 100 μm (e-h), 40 μm (i, j and m) and 20 μm (k and l).
Despite known limitations of in vitro leukocyte trafficking assays and animal models of CIDP (Greathouse et al., 2016; Man et al., 2009; Meyer zu Horste et al., 2007; Ubogu, 2013 Ubogu, , 2015 Yosef and Ubogu, 2012) , we propose a pathogenic role for FNCS1-CD49d in CIDP leukocyte BNB trafficking, recognizing that our patient cohort and nerve biopsies may not reflect the entire spectrum of disease. FNCS1 antagonism is a plausible therapeutic approach worth considering for early stage clinical trials based on our proof-of-concept data, with potential translational relevance to patients non-responsive to IVIg or corticosteroids. Modulating pathogenic leukocyte trafficking could occur following systemic drug administration without need for high BNB penetrance, and could potentially spare homeostatic lymphocyte homing into secondary lymphoid organs or retention in the bone marrow that are dependent on CD49d-VCAM-1 interactions. Further work is needed to completely elucidate the molecular determinants and signaling mechanisms involved in CIDP leukocyte trafficking, as well as potential mechanisms by which systemically generated pathogenic autoantibodies may penetrate the BNB in this disorder.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.expneurol.2017.02.012.
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